We present a chip-scale scanning dual-comb spectroscopy (SDCS) approach for broadband ultrahighresolution spectral acquisition. SDCS uses Si3N4 microring resonators that generate two single soliton micro-combs spanning 37 THz (300 nm) on the same chip from a single 1550-nm laser, forming a highmutual-coherence dual-comb. We realize continuous tuning of the dual-comb system over the entire optical span of 37.5 THz with high precision using integrated microheater-based wavelength trackers.
spectroscopy of H 13 C 14 N over its 2.3 THz (18 nm)-wide overtone band, and show that the massively parallel heterodyning offered by the dual-comb expands the effective spectroscopic tuning speed of the laser by one order of magnitude. Our chip-scale SDCS opens the door to broadband spectrometry and massively parallel sensing with ultrahigh spectral resolution.
Microresonator-based frequency combs, by virtue of their large bandwidth and narrow comb-tooth linewidth, could enable broadband high-resolution spectroscopy critical for applications, such as medical diagnostics, atmospheric chemistry, combustion, reaction kinetics, etc (1) (2) (3) . Such frequency combs can contain several hundred thousand narrow spectral lines (4, 5) , or "teeth", that are mutually phase coherent and equidistant in frequency with a separation frep. Dual-comb spectroscopy (DCS) leverages these advantages of bandwidth and phase coherence, enabling fast detection using a single photodetector. DCS uses a pair of frequency combs with a small difference in repetition rates ∆frep. The first comb with frep measures the optical response of samples while the second comb frep +∆ frep acts as a local oscillator.
Dual-comb interferograms that encode the spectral information are obtained by spatial mixing two combs in one photodetector to realize multi-heterodyne detection in the down-converted RF domain without any moving parts.
Dual-comb spectroscopy based on microresonators could enable high-resolution broadband spectroscopy on-chip. However to date, the technique has been limited to a resolution of tens of GHz (6) (7) (8) (9) (10) (11) (12) (13) . This low resolution leads to sparse spectral sampling and arises due to the micro-combs' large frep [~ free spectral range (FSR)] as a result of their intrinsically short cavity length (6) (7) (8) (9) (10) (11) (12) (13) (14) . Attempts to improve the resolution using larger cavities with smaller FSRs inevitably increase soliton threshold power due to the larger propagation losses and smaller fineness (15, 16) .
We introduce and experimentally demonstrate a new approach that addresses the sparse spectral sampling limitation of microresonator-based dual-comb spectroscopy for broadband, ultrahighresolution sensing. Our chip-scale scanning dual-comb spectroscopy (SDCS) technique is based on two high-Q silicon nitride (Si3N4) microrings and achieves high-resolution using integrated platinum microheaters for high-resolution scanning of the micro-combs over a full FSR. As shown in the schematic in Fig. 1(A) , a continuous wave (CW) laser split equally by an on-chip multimode interference (MMI) coupler, pumps two microrings with slightly different radii. We use integrated microheaters to lock the two single-soliton micro-combs to a fixed pump cavity detuning by stabilizing soliton powers [ Fig. 1(A) and Fig. S1(A) ]. The dual-comb is generated after combining the two soliton micro-combs in a directional coupler. One of the dual-combs interacts with the sample and the other is used as a reference. We use integrated microheaters for independent modelocking (21) and fast frequency tunability of the microrings. The two single solitons (R1 and R2) both span 37.5 THz (300 nm) and are generated using the same pump source (centered at 1557.2 nm), ensuring high mutual coherence. The optical spectra of these two single solitons are shown in Figs. 2(A) and (B). After mixing the two solitons on one photodetector, a sequence of beat notes is recorded in the RF domain corresponding to multiples of ∆frep.
Since the comb lines are symmetric in frequency relative to the pump, the RF beat notes on the red side of the pump overlap with those on the blue side. For one-to-one mapping of the optical domain onto the RF domain, we shift the pump frequency by 100 MHz using an acousto-optic modulator (AOM) to access the blue side of the dual-comb and use the long pass filter to access the red side of the dual-comb. The We tune each of the single soliton micro-combs, by concurrently tuning the pump laser wavelength and the two microring cavity resonances. To ensure stable soliton powers while scanning the pump laser frequency, we develop a microheater feedback system to maintain the same pump-cavity detunings for both combs [Fig. S1(A) ]. This system also compensates the on-chip thermal crosstalk between R1 and R2 as we thermally tune R1/R2 resonances by one FSR. The wide tuning range of our microheater of at least one FSR enables us to reliably align each resonance to the same pump laser regardless of initial detunings caused by fabrication variations. As a measure of pump-cavity detuning, the system monitors the soliton power after filtering out the pump as they are linearly proportional (22, 23) . A fraction of the output power (10%) of each single soliton is tapped and sent to two photodetectors respectively as inputs of two proportional-integral-derivative (PID) controllers. The PID outputs are fed back to the microheaters for stabilizing pump-cavity detunings. On sweeping the pump laser frequency, the cavity resonances of R1 and R2 follow synchronously, enabling rapid frequency scanning for SDCS. The fast microheater response time of 20 µs enables a servo bandwidth of several kHz, which is more than sufficient for tracking and compensating pump-cavity detuning fluctuations in laser frequency scanning.
We show the ability to cover the entire optical bandwidth from 1420 nm to 1720 nm with no missing gaps, while maintaining a nearly constant amplitude for each comb line. To characterize continuous tuning of the optical spectra of each single micro-comb, we acquire 400 optical spectra of the R2 soliton Figure 3(B) shows the zoomed-in measurement of the P20 lines of the 2v3 band. Note that the fine-tuning range of the pump laser driven by the piezo-actuator is about 31 GHz (~FSR/7), the scanning process currently requires seven interleaving spectra to cover the entire optical bandwidth. We tune the pump laser at a speed of 0.62 THz/s by sending a triangular voltage signal to the piezo-actuator of the laser. Each acquisition takes 50 ms for a 0.37 THz spectral span, which corresponds to an overall tuning speed of 7.4 THz/s, limited by the laser piezo-actuator and the WDM filter bandwidth.
To characterize the SDCS resolution, we measure the transmission of an inline fiber coupled Fabry-Perot interferometer (FSR~15 GHz, FWHM<50 MHz). We use the dual-comb employed in Fig.3 to generate a high-resolution spectra spanning 2.5 THz by scanning the pump from 1560.35 nm at the speed of 77.5
GHz/s [ Fig. S1(A) ]. In order to calibrate the frequency of the dual-comb, we measure the H 13 C 14 N gas cell simultaneously. We sweep the pump laser frequency using the piezo-actuator and interleave 7 acquisitions in order to cover the entire bandwidth of the WDM filter. We obtain a minimum laser tunning step of 319±4.6 kHz, by averaging a 4.096-µs-long sample of 25 interferograms. In Fig. 4(A) , we plot the measured transmission spectral features of the Fabry-Perot interferometer. One can see that all of the interference fringes are resolved. The right panel of Figure 4 shows a higher resolution view of one interference fringe near 1558 nm, which is close to the P20 branch line of H 13 C 14 N [ Fig. 3(C) ]. One can see that the 33-MHz-wide FWHM of the fringe is fully resolved. The left panel of Fig. 4(B) shows the minimal spectral sampling interval of 319 ±4.6 kHz (2.55±0.036 fm).
In summary, we demonstrate a powerful, high resolution chip-scale approach for spectroscopy over large spectral bandwidths (37.5 THz) and high resolution (<400 kHz). Our technique can scan the entire comb spectra with a spectral sampling of <400 kHz approaching the comb-tooth linewidth. This scanning over only one FSR extends the mode-hop-free fine-tuning range of commercial CW lasers from tens of GHz to tens of THz (25, 26) . In addition, the parallel measurement of all comb teeth increases the laser tuning speed by a factor of N (the comb tooth number) without compromising resolution. The SNR can be further improved by coherent averaging (27) and real-time compensation (28) . A frequency coverage of 0.37 THz was achieved by collecting about 2.4 million interferograms in a single shot over 400 ms at a sampling rate of 250 MS/s. The total scanning time for 2.5 THz is 2.8 s, which is limited by the laser's piezo-actuator and the passive filter bandwidth. The speed of SDCS can be greatly enhanced by either using laser-integrated Kerr combs (29) or by using non-tunable CW lasers with electro-optic modulators (30) (31) (32) . SDCS can potentially generate dual-combs from microrings with a 10 GHz FSR (16) , further increasing the acquisition speed. Our SDCS technique facilitates a portable system-on-a-chip for ultrahigh-spectral-resolution broadband parallel sensing. Going forward, we envision a fully integrated SDCS chip, where a laser comb (29) serves as the light source, germanium photodetectors are used (33) for microheater control, a field-programmable gate array (34) enables dual-comb initialization and automated scanning, and a spiral waveguide extends light-matter interaction with samples (35) .
Data availability
The data that support the findings of this study are available from the corresponding authors on reasonable request. 
